To extend the operating speed range of a conventional configuration of FESS (flywheel energy storage system), an additional DC-DC boost converter is required between the machine and grid side converters to regulate the output voltage. This paper presents a new FESS based on three-phase boost inverter topology. The proposed system facilitates voltage boost capability directly in a single-stage. The main advantage of the three-phase boost inverter is the deployment of only six switches and undersized passive elements to obtain a boosted AC output voltage weighed against the input DC supply. In this paper, FESS based on boost inverter topology is modeled and simulated using MATLAB/SIMULINK. An experimental setup has been built for the three-phase boost inverter to present its boosting capability. The simulation and experimental results sustain the proposed configuration.
Introduction
 FESS (flywheel energy storage system) stores energy in the form of kinetic energy of a spinning mass. Conversion from kinetic to electric energy is accomplished by electromechanical systems (machines) [1] [2] [3] [4] [5] . Many different types of generator can be used in flywheel systems, e.g. permanent magnet machines, induction machines, and switched reluctance machines [1, 2] . The flywheel energy storage systems can be classified into two categories. The first technology is based on low-speed flywheels (up to 6,000 rpm) with steel rotors and conventional bearings. The second involves more recent high-speed flywheel systems (up to 60 krpm) that are available commercially and make use of advanced composite wheels that have a higher energy and power density than steel wheels.
This technology requires ultra-low friction bearing assemblies, as magnetic bearings [2, 6, 7] . The flywheel principle of operation can be briefed as follows: for an excess generated power with respect to load demand, the difference is stored in the flywheel driven by an electrical machine operating as a motor. On the other hand, when a drop in the delivered power to the load is detected, the electrical machine is driven by the flywheel and operates as a generator supplying the extra energy needed. The most common power electronics topology for the FESS consists of a DC-AC grid-connected converter and a bidirectional AC-DC flywheel converter, sharing a common DC bus [8] . During discharging, the flywheel converter operates as a rectifier and the grid converter operates as an inverter to control the grid current by means of PWM (pulse width modulation). During charging, the rectification and inversion processes are reversed and the power flows from the utility to the flywheel.
An additional DC-DC boost converter that is included between the flywheel and the DC-link may be D DAVID PUBLISHING used during discharging (as shown in Fig. 1 ) to generate a regulated output voltage at a low speed [9] . A switch is included in the topology that is closed during charging to bypass the boost converter.
A new FESS using three-phase boost inverter is presented in this paper (as shown in Fig. 2 ). The proposed system can boost and generate (in single stage) the desired output voltage when low voltage of the generator is introduced due to low flywheel speed. Three-phase boost inverter used for flywheel energy storage system is modeled and simulated by using MATLAB/SIMULINK. An experimental setup has been built for the three-phase boost inverter to present its boosting capability.
Boost DC-AC Converter
The VSI (voltage source inverter) is one of the most commonly used inverter topologies as it penetrates many industrial and commercial applications. In conventional VSI, the peak value of the AC output line voltage is limited by the DC link voltage level. As a result, when a larger output voltage is required, a boost converter should be integrated between the DC source and the VSI. Alternatively, a transformer can be employed in the AC side to increase the output AC voltage.
A single phase DC-AC converter, shown in Fig. 3 , with boosting capability is proposed in Ref. [10] , which generates a boosted single phase output voltage in a single stage [10] [11] [12] [13] [14] . In Fig. 3 , the blocks A and B are simply DC-DC converters. By varying their duty cycles according to sinusoidal modulating signals with appropriate DC-bias values, the two converters will produce corresponding unipolar sinusoidal output voltage waveforms on their outputs. If the two modulation signals are 180 o out of phase, the voltage difference across the load will be maximized and the DC-bias will be cancelled out (common mode signal).
Another boost inverter topology with coupled transformer for renewable energy fed applications is proposed in Ref. [15] . The main advantage of the boost inverter mentioned in Ref. [10] over the one mentioned in Ref. [15] is that the first topology is a single-stage transformerless inverter. A three-phase boost inverter version is proposed in Ref. [16] . Thanks to its expected impact on the overall power quality and system dynamic performance, this inverter topology is nominated for distributed power generation applications. This topology was capable of providing not only DC-to-three-phase conversion but also a voltage boost characteristic in single stage conversion. Moreover, it offers a cheap and compact design as it does not need switching devices with reverse voltage blocking capability nor step-up power transformer [16] . The system comprises three DC-to-DC bi-directional boost converters with a common point as shown in Fig. 4 . These converters produce sinusoidal output waveforms but with a DC bias. The AC components of the three converters should be a balanced three phase. The main advantage behind this topology is the use of six IGBTs with relatively small-sized passive elements to generate the boosted output AC voltage. In other words, the system can perform both inversion and step-up functions in one stage, which is highly desirable in renewable energy sources applications.
Each phase in the three-phase boost inverter consists of two IGBTs, one inductor, and one capacitor. The three capacitors have a common point (O) which is connected to the negative terminal of the DC supply. If star connected load is connected to the inverter terminal, the star point (N) will be isolated from the capacitors common point.
Generally, the reference voltage of each capacitor has two components:
The DC component (V dco ), which is same for the three capacitors, should be greater than or equal to the summation of the AC component peak (K ac ) and DC input voltage (V dci ).
The AC component is with same magnitude but shifted 120 o from other capacitors' voltages.
With the load connection shown in Fig. 4 , the DC components will not appear in the line-to-line load voltages. In phase-A (considered as a DC-DC boost converter), the voltage gain in the continuous conduction mode is expressed as:
To ensure that the capacitor voltage of phase A follows v AOref , the switches should be switched on and off based on the instantaneous value of the reference duty cycle which is expressed as follows:
PWM pulses can be generated easily as shown in 
Control Design of the FESS
In this section, a control strategy using boost inverter is proposed to control the charging/discharging of a grid connected FESS. The proposed system is shown in Fig. 2 and comprises a conventional three-phase inverter, which connects the DC bus to the grid side, and the proposed three-phase boost inverter, which connects the machine output to the DC bus. 
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Flywheel Side
During charging mode, the speed controller with inner current loop regulates the whole system performance as shown in Fig. 8 In discharging mode, the flywheel converter operates as an uncontrolled rectifier. Since the rotor speed decreases with time, the DC voltage decreases. At low operating speed, the output voltage of the generator is low and a boosting up stage is needed. In this study, the three-phase boost inverter (connected at the grid side) is proposed to step up the voltage in addition to DC-AC inversion in a single stage fashion. Fig. 9 shows the grid side controllers. There are two possible states, namely, sinking and sourcing. The grid will be in sourcing state during the charging mode. During this mode DC voltage controller with inner current control loop is used to regulate the DC bus voltage by selecting the proper value of the active power reference. In discharging mode, the active and reactive power control is applied to ensure feeding certain amount of active and reactive power to the grid.
Grid Side
Before operating in charging mode, if V dc < V * dc , the flywheel side is disconnected and the boost inverter is used to feed power to the DC bus to increase the voltage of the DC link. When the voltage reaches V * dc , flywheel side can be connected to spin up and recharge. 
Experimental Results of the Three-Phase Boost Inverter
To prove the proposed inverter boosting capability, an experimental setup, shown in Fig. 10 , is used. It consists of a three-phase inverter, six IGBTs, three capacitors, three inductors, resistive load, and a DC supply.
The driving pulses are generated from Texas Instrument eZdsp F28335 to obtain desired phase voltage at 3 kHz switching frequency. The system parameters are V dci of 30 V, V dco of 60 V, phase voltage magnitude of 30 V, inductance of 1 mH and capacitance of 0.04 mF. The inverter is used to feed a pure resistive load. The experimental results for this data are shown in Figs. 11a and 11b.
Simulation of FESS in Conjunction with Three-Phase Boost Inverter
MATLAB/SIMULINK is used to model the proposed system. The system parameters are given in 
Discharging Mode
In this mode, the AC output voltage of the generator is rectified and applied as an input to the boost inverter. The inverter is controlled to inject active and reactive power to the grid (P* grid = 4 kW, Q* grid = 0).
The block diagram for system during this mode is shown in Fig. 12 . The flywheel is simulated by a ramping down voltage to represent the decreasing of rectified AC output of the flywheel due to decreasing of its speed. In the simulation, the machine output voltage is represented by a ramp decaying dependent source voltage and it is assumed to decrease from 70 V line-line (i.e. 100 V DC) to 35 V line-line in one second.
The simulation results are shown in Fig. 13 . Fig. 13a presents the decrease in the bus voltage V dci due to the decrease in flywheel speed. In this case, the machine side converter operates in the rectification mode. Fig.  13a also shows the variation of the output DC component V dco and capacitor voltage reference v aoref during variation of V dci . Although the capacitor output voltage deceases while the flywheel discharges, the AC component of the capacitor voltage is constant. Fig.  13b shows the variation of boost inverter duty cycle due to variation of V dci , which can be obtained easily from Eq. (2). Fig. 13c shows the boost inverter output voltage. It can be noticed that the output peak-to-peak voltage is constant while its phase angle depends on the reference active and reactive. Finally, the injected current to the grid is shown in Fig. 13d .
Rebuilding of DC Voltage
After discharging mode, the DC voltage level is lower than V * dc . The boost inverter DC voltage regulator (as in Fig. 9 ) should recharge the DC link before recharging the flywheel storage system as shown in Fig. 14. 
Conclusions
A DC-AC boost converter for flywheel energy storage system has been presented. The proposed system can effectively extend the flywheel operating speed range to very low speeds by boosting the DC link voltage using a boost converter and generate a regulated output voltage. An experimental setup is used to verify the boosting capability of the proposed inverter topology. The whole FESS is then modeled and simulated using MATLAB/SIMULINK to verify the proposed concept. 
